Optical gain in short period Si/Ge superlattices on [001]-SiGe substrates J. Appl. Phys. 110, 083105 (2011) Investigation of thermal transport degradation in rough Si nanowires J. Appl. Phys. 110, 074510 (2011) Diffusion of E centers in germanium predicted using GGA+U approach Appl. Phys. Lett. 99, 072112 (2011) Effective masses and electronic structure of diamond including electron correlation effects in first principles calculations using the GW-approximation AIP Advances 1, 032139 (2011) Additional information on J. Appl. Phys. The stability, electronic, and optical properties of two dimensional hydrogenated few atomic layer silicon (H-FLSi) are systematically studied with density functional theory calculations. The formation energy of H-FLSi decreases with increasing layer thickness and approaches zero at the thickness of double layer, suggesting that this material is energetically favorable and thus its experimentally synthesizing is feasible. Its bandgap decreases with the increase of the thickness and eventually approaches the value of bulk silicon. More interestingly, the bandgap of hydrogenated silicon films can be tuned by external electric field and even becomes metal. Importantly, the light absorption threshold and absorption peak of the H-Si mono-and bilayer locate in different energy regions and both move toward higher energy region as compared with those of the bulk silicon.
I. INTRODUCTION
Graphene, a one atom layer thick two dimensional (2D) material, attracts enormous interests in physics, material science, and chemistry because of its unique mechanical, chemical and electronic properties related to its specific 2D crystal structure. [1] [2] [3] [4] [5] [6] [7] While, a perfect graphene has zero bandgap at the Dirac points in the Brillouin zone, 8, 9 which makes it not an ideal semiconducting material as silicon for electronic application.
Just beneath C in the periodic table, Si has very different structural and electronic properties. Bulk Si has a medium bandgap, 1.2 eV, which makes it the fundamental semiconducting material. Free standing one atom thick 2D Si is not as stable as graphene because sp 3 hybridized Si is more stable than sp 2 hybridized Si, which is opposite to C. However, a one atom thick Si layer can be stabilized by hydrogenation on both sides. Experimentally, Dahn et al 10 have successfully synthesized hydrogen passivated monolayer silicon (named as layered polysilane in the chemical formula of SiH). The layered polysilane has hexagonal structure with an in-plane lattice constant of 3.83 Å and the distance between neighboring layers is 5.4 Å . Theoretically, Takeda et al 11 have investigated the electronic structure of silicon skeleton chainlike (one-dimensional, 1D), planar 2D and 3D crystalline and found 2D polysilane has a mixed bandgap structure consisting of a direct one (2.48 eV) and an indirect one (2.63 eV) which is an intermediate between 1D (the direct gap) and 3D (the indirect gap). Van de Walle et al 12 have revealed that an isolated layer of SiH compound has a large, nearly direct bandgap of 2.75 eV with very strong direct transitions.
Beyond the one atom thick 2D system, films of finite silicon layers thickness have also been studied. 13 Tse et al 13 have found that the layered Si 6n H 6 have a weak indirect bandgap decreasing and approaching the bulk silicon one as increasing of the layers. In this article, we revisit the hydrogenated few atomic layer thick silicon films and systemically study their stability, electronic, and optical properties. We find that both the direct and the indirect bandgap decreases with the layer thickness. We also find that the bandgap of these Si films decreases with an increasing applied electric field and is eventually closed at electric field greater than $0.9 V/Å . More interestingly, the optical property of H-FLSi is thickness dependent. The absorption peaks continuously move to high energy region with the thickness decreasing. The continuous change of light absorption peaks suggests that laying H-FLSi of various thicknesses together can be used as the broad spectrum light absorption agent in silicon based solar cells.
II. COMPUTATIONAL METHOD
The calculations of geometric and electronic structures of H-FLSi are carried out by first-principle density functional theory (DFT) calculations implemented within the Vienna Ab initio Simulation Package (VASP). 14 We exploit the Perdew, Burke, and Ernzerhof (PBE) 15 exchange-correlation potentials and projected augmented wave (PAW). 16 The energy cutoff is 400 eV and the vacuum space perpendicular to the two-dimensional layers is larger than 15 Å to avoid interaction between neighboring sheets. The Brillouin zone integration is done by 15 Â 15 Â 1 and 19 Â 19 Â 1 k-point meshes in structure optimization and static electronic structure calculations, respectively. Conjugated gradient algorithm is adopted in the structure optimizations until the Hellmann-Feynman forces acting on each atom are smaller than 0.01 eV/Å . The convergence criterion for energy is 10 À4 eV. We further verify the hydrogenated monolayer and bilayer Si films are local minima rather than transition states through exploit phonon dispersion calculation implemented in QUANTUM-ESPRESSO code, 17 which all the frequencies in these two systems are positive.
To explore the difference in the optical properties among the bulk silicon, hydrogenated silicon mono-and bilayer, we perform first-principles calculations using a many-body perturbation theory through three steps. First, we re-optimize the ground-state electronic properties of these systems, by using the local density approximation (LDA) 18 and norm-conserving pseudopotentials, 19 implemented in QUANTUM-ESPRESSO code. Then, electronic quasiparticle corrections are calculated within the GW approximation to the exchange-correlation self-energy, where the LDA wave functions are used as good approximations for the quasiparticle ones, and the screening is treated within the plasmon-pole approximation. 20 Finally, the Bethe-Salpeter equation is solved for obtain the absorption spectrum. Moreover, only the case of in-plane polarization is considered in the calculations. The second and third steps were performed with YAMBO code. 21 
III. RESULTS AND DISCUSSION
A. Structure and stability First, we study the structure of the hydrogenated few layer silicon (H-FLSi) films. Each H-FLSi composes a film of one or a few parallel corrugated hexagonal silicon planes. Hydrogen atoms are placed on both top and bottom of the silicon film to passivate the dangling sp 3 r bonds on the surface. Relaxed structures of the hydrogenated mono-, bi-and tri-layer Si are shown in Fig. 1 . For hydrogenated monolayer Si, each unit cell contains two silicon atoms and two hydrogen atoms. The Si-Si bond length is 2.36 Å , similar to the value of Si bulk calculated by same method (2.35 Å ). The Si-H bond length is 1.50 Å . These values are also in good agreement with the previous theoretical result. 22 As clearly seen from Table I , the intralayer Si-Si bond length is slightly shorter than that of interlayer, indicating that the intralayer interaction is relatively stronger than the interlayer interaction. Each silicon atomic layer consists of two subplanes, which is separated by a distance d. The distance d in the monolayer Si is only 0.715 Å , $9% smaller than in the bulk value of 0.784 Å . The distance d increases gradually to 0.762 Å at the thickness of eight layers and converges to the value of bulk Si. Bader charge analysis of the hydrogenated mono-, bi-and tri-layer silicon is shown in Fig. 1 . As it can be seen from the figure, hydrogen atoms notably gain electrons from the nearest silicon atoms because of the strong electro-negativity of hydrogen atom.
The stability of H-FLSi is evaluated by formation energy (FE) of H-FLSi. The definition of FE is:
where E Si and E H2 are energies of silicon atom in bulk Si and hydrogen molecule, respectively; N i (i ¼ Si, H) is the number of silicon (hydrogen) atoms; E SiþH is the total energy of H-FLSi. The band structures of H-FLSi of different thickness exhibit similar features, that is, all the structures have a conduction band minimum (CBM) near the M point and a valence band maximum (VBM) at the C point [ Figs. 3(a) and 3(b) ]. Namely, all H-FLSi films maintain the electronic property of indirect bandgap of bulk silicon. As thickness increases, both the direct and indirect band gaps decrease monotonically and converge to the value of bulk silicon [ Fig. 3(c) ], in agreement with the value of Ref. 13 . However, the dependence of the direct and indirect bandgap on the number of layers is different. The indirect bandgap decreases much more dramatically than the direct one with increasing thickness, which suggests that the quantum confinement effect has more significant impact on the indirect bandgap. Hence, we can manipulate the bandgap and electronic structure by varying the thickness. This is very different from that of layered siloxene (in which HO groups substitute H atoms). Hirayama et al 23 found that the direct gap of layered siloxene is dominated by the surface states while the indirect gap is dominated by the quantum confinement effect. Thus the direct gap cannot be changed by varying the thickness. Comparison of the DOS of hydrogenated mono-, bi-, tri-layer Si, and the bulk Si [ Fig. 3(d) ] shows that the localized peak (the sharp peak in the figures) goes weaker with the increasing thickness and moves toward lower energy range, indicating that electrons in the fewer layers are more localized than the more layer ones. Figure 4 presents the density of states (DOS) of the hydrogenated bilayer Si and the insert depicts the partial charge densities of the CBM and VBM. The DOS clearly shows that the p x and p y states are degenerated due to the D 3d symmetry of the system. The Si 3p z states, perpendicular to the silicon plane, hybridize with H 1s states to stabilize the structure. The partial charge densities suggest the VBM of H-FLSi mainly contributes from the intralayer Si-Si bonding states, which can also be reflected from the DOS. Whereas the conduction band at the C point has the antibonding characteristic between the intralayer Si atoms, but is of bonding feature between the interlayer Si atoms. Therefore, the charge density distribution of CBM is not only in surface but also toward the interior. Thus, the conduction bands of H-FLSi show great dependence on the thickness of the H-FLSi.
Applying external electric field has been proved an efficient mean of tuning electronic structure of low dimensional nanomaterials. [24] [25] [26] [27] Here we explore the bandgap variation of H-FLSi films in external electric field. An external electric field from 0 to 1.0 V/Å is applied along the direction perpendicular to the basal plane. The band structures of the hydrogenated bilayer Si film with E¼ 0, 0.8 and 0.9 V/Å are presented in Figs. 5(a)-5(c) , respectively. The conduction bandedge significantly shifts downwards and the bandgap becomes narrower and narrower (which means enhanced metallicity) as increasing the electric field. Figs. 5(d) and 5(e) present the partial charge densities of CBM at E ¼ 0 and 0.9 V/Å , respectively. Without electric field applied, the CBM of the bilayer Si is localized. While the CBM becomes delocalized at E ¼ 0.9 V/Å . When E ¼ 0 V/Å , the direct and indirect band gaps are 1.99 eV and 1.44 eV, respectively. At E ¼ 0.8 V/Å , the indirect bandgap drops dramatically and the system is turned from an indirect-gap semiconductor into a direct-gap one with a direct gap of 1.16 eV. Further increasing the electric field to 0.9 V/Å , the system is eventually 2011) converted into a conductor [ Fig. 5(f) ]. The conduction bandedge (CBE) at gamma point has a vertical character [ Fig. 4(a) ], so the external electric field perpendicular to the basal plane, which redistributes the charge mainly along the electric field direction, makes the CBE at gamma dramatically downshift. It should be noted that the DFT calculation always underestimates the bandgap, but it is powerful to predict a correct trend toward the bandgap change and to properly demonstrate the physical mechanism. 28, 29 The total charge density difference is defined as
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where r (0) and r (E) are the charge density of the hydrogenated bilayer Si without electric field and under a specific electric field E, respectively. The total charge density difference Dr of the bilayer at E ¼ 0.8 V/Å is given in Fig. 5(g ). This electric field induces the charge accumulation (green area) and charge depletion (blue area) on the surface. The field-induced charge redistribution results in the great variation in electronic structures of H-FLSi. Our calculations suggest that the external electric field can lead to a transition from a wide indirect gap semiconductor to a direct one, and even to a conductor.
C. Optical properties
According to the above discussion, the hydrogenated few atom layer Si films have quite different electronic structure from the bulk silicon, which must result in very different optical properties. The optical absorption spectra of bulk silicon, hydrogenated silicon mono-and bilayer are displayed in Fig. 6 . The two absorption peaks of bulk silicon lie at 3.38 eV and 4.04 eV, respectively, both in good agreement with the experiment values of 3.49 eV and 4.33 eV. 30 For the H-Si mono-and bilayer, the two peaks move toward higher energy region (blue-shift). The first absorption peak of the H-Si monolayer (bilayer) moves to 4.38 (4.04 eV). The absorption threshold of the monolayer is higher than that of bilayer's, and it moves toward the bulk value as the film thickness increasing. The continuous change of light absorption spectrum and the different peak positions are of great interest for solar cell application. In solar cell technology, normally multi-layered light absorbents with different absorption peaks are stacking together to ensure an efficient light absorption. While the multi-layer stacking increases the thickness of the p-n junction and thus the rate of the electron-hole recombination would be significantly increased as well. These H-FLSi films are only 1 or a few nm thick and their absorption peaks can be tuned continuously. So they can be used as efficient light absorbents in solar cells, especially in the widely used silicon based solar cells. 
IV. CONCLUSIONS
In summary, we have systematically studied the stability, electronic, and optical properties of hydrogenated few layer silicon films. The stability of H-FLSi films increases with the increasing thickness. The direct and indirect bandgap can be tuned from 2.328 eV and 2.186 eV to the bulk silicon by varying the thickness of H-FLSi. The layer thickness dependence bandgap behavior can also be modulated by external electric field. For the H-Si bilayer, a transition from semiconductor to metal occurs at the electric field of 0.9 V/Å . Moreover, both the light absorption threshold and peaks of H-FLSi films are blue-shift in comparison with those of the bulk silicon. This suggests that laying H-FLSi of various thicknesses together can be used as wide spectrum light absorption agent in silicon based solar cell application.
